Objective. -To compare brainstem acoustic evoked potentials (BAEP) and magnetic resonance imaging (MRI) in the differential diagnosis of intracranial hypotension (IH), Chiari malformation (CM) and sensorineural hearing loss (SNHL). Methods. -BAEP were recorded in 18 IH, 18 CM, 20 SNHL patients and 52 controls. MRI were acquired in all IH and CM patients.
Introduction
Intracranial hypotension (IH) is a condition caused by low cerebrospinal fluid (CSF) pressure or CSF leakage, which usually resolves after CSF pressure normalization [15] . Symptoms are variable and non-specific and include positional headache (usually orthostatic), neck stiffness and pain, hearing changes, tinnitus, photophobia, nausea and, in rare cases, coma [14, 18, 39, 40, 42] . Magnetic resonance imaging (MRI) is the gold standard for the diagnosis of IH and allows demonstration of subdural effusions, enhancement of meninges, engorgement of venous structures, sagging of the brain and the venous distension sign [12, 14, 18, 39, 42] . However, typical MRI abnormalities are found only in 68-85% of patients with IH [12, 14, 18, 39, 42] . For this reason, recent studies focused on alternative diagnostic techniques in order to improve diagnosis [32] .
A pilot study by our research group examined the clinical utility of brainstem acoustic evoked potentials (BAEP) in association with internal auditory canal (IAC) MRI in patients with IH [25] . BAEP are far-field potentials generated in internal ear and brainstem, and could track eighth cranial nerve and brainstem distortions observed in IH [20, 28] . We hypothesized that hearing changes, which are a typical symptom of IH, could indicate internal auditory canal (IAC) alterations in IH; for this reason, patients with IH were evaluated through evoked potentials and MRI resulting in specific abnormalities [13, 15] . Of interest, it was reported that alterations in the first component of BAEP were associated with 8th cranial nerve hyperintensity on MRI during IH status. Furthermore, abnormalities on BAEP, consisting of delayed wave I and either normal or (less frequently) delayed latencies of the subsequent components disappeared following recovery from IH [25] . However, no further data exist in the literature concerning BAEP alterations in IH and several conditions could mimic the described pattern of BAEP and MRI alterations. In fact, patients with IH share MRI findings with patients with Chiari malformation (CM), where tonsillar descent/brainstem sagging is a typical finding [23] , making differential diagnosis between the two conditions necessary. Similarly, distinction would also be needed from sensorineural hearing loss (SNHL), which typically presents with low amplitude or absent early (wave I and II) BAEP components [6, 27] .
The goal of the present study was to assess the specificity of BAEP abnormalities in IH, comparing with BAEP findings observed in CM and in patients with SNHL, and to compare our results to MRI findings.
Methods
The study was performed according to the declaration of Helsinki and its later amendments, and it was approved by the local ethical committee. Informed consent was obtained from each subject included in the study.
Patient selection
All consecutive patients aged 18-80 years who received a diagnosis of IH were enrolled. Age-matched healthy controls were selected from our normative population [24, 36] . We selected from our diagnostic archives CM patients without IH and patients with bilateral SNHL to intermediate-and highfrequency stimuli (28-65 dB loss) due to cochlear pathology [24, 36] . CM patients were diagnosed according to clinical and MRI criteria, showing cerebellar tonsillar descent through the foramen occipitalis [23] .
Evoked potentials
BAEP were recorded according to standard guidelines [1] and previous studies on normative populations [3] [4] [5] 7, 8, 10, 11, 16, 19, 20, 22, 26, 28, 30, 31, 33, 35, 41] . For each subject the auditory function was assessed by determining the auditory threshold. Then, the auditory nerve was stimulated by square wave clicks of alternating stimulus polarity through conventional audiometric earphones. The stimulus was applied at 90 dB sensation level (SL, which indicates the subject's individual threshold) above the click-hearing threshold at a repetition rate of 10 Hz. The contralateral ear was masked by white noise at 60 dB. Surface electrodes were placed at the vertex (Cz) and on each earlobe (A1 and A2) to record the auditory waveforms. Channel derivations include ipsilateral ear to vertex and contralateral ear to vertex. An external ear canal supplementary electrode was used to preserve wave I morphology. The recordings were bandpass filtered at 200-2000 Hz and 2000-4000 trials were averaged in a period of 10 ms from the onset of the stimulus. In IH patients BAEP recordings were performed during occurrence of symptoms and 15-30 days after full recovery. In all controls, BAEP recordings were repeated after 30-210 days to obtain an index of test/retest variability and to allow comparison with changes in IH patients after recovery. 
Magnetic resonance imaging
In all IH and CM patients, MRI was performed using a 3T scanner with an 8-channel head coil. Axial turbo spin echo (TSE) T2-weighted and spectral adiabatic inversion recovery (SPAIR) sequences were acquired together with a preand post-contrast 3D fast Field echo (FFE) T1-weighted sequences, reformatted for axial and coronal projections, passing through the IAC. IH and CM patients were evaluated for tonsillar descent, sagging of the brain, subdural fluid collection, meningeal enhancement and venous engorgement, according to previous MRI studies on IH and CM [12, 14, 15, 18, 23, 39, 42] .
Statistical analysis
BAEP findings in all groups were compared by means of analysis of variance (ANOVA) with Bonferroni correction. Specifically, the latencies of the first, second and third component and the relative interpeaks were compared among control, IH and CM group. The latencies of the V component were compared among all groups (control, IH, CM and SNHL). Test retest variability in controls vs. pre-and post-recovery condition in IH group was compared by paired t-test. The efficacy of the latencies of waves I, II, III and V and the interpeak of wave I-III and III-V in separating IH from controls, CM and SNHL groups was evaluated by means of receiver operating characteristic (ROC) curves. Sensitivity, specificity, positive predictive values (PPV) and negative predictive values (NPV) were also performed for each wave and for the interpeak latencies.
Results
Eighteen patients (43 ± 3 years old, 12 females) were referred to the Neurology Clinics of the University G. d'Annunzio of Chieti-Pescara (Italy) from 2012 to 2017, due to the appearance of one or a combination of the following symptoms: orthostatic headache, chronic headache, hearing loss, tinnitus or acoustic misperception and stupor. The main baseline characteristics of the study patients (symptoms, etiology, treatment protocols) are summarized in Table 1 . Table 2 reports auditory thresholds in IH, CM and SNHL groups.
Fifty-two age-matched healthy controls (44 ± 3 years old, 26 males) were selected from our normative population.
From our diagnostic archives we selected eighteen CM patients (49 ± 11 years old, 12 males) without IH and 20 patients with bilateral SNHL (43 ± 10 years old, 10 males) to intermediate-and high-frequency stimuli (28-65 dB loss) due to cochlear pathology. Table 3 reports BAEP mean latencies of wave I, II, III, V in controls, IH, CM and SNHL. The table reports mean latencies values after recovery in IH, test retest variability in controls and BAEP changes observed in IH after recovery. The table reports also the percentages of delayed (as compared to the mean latencies plus 3 standard deviations of the control group) or absent BAEP components.
Delayed wave I, with latencies above 2 ms was observed in 14 IH patients (78%), in none of CM and in none of SNHL patients. In 3 patients with IH (17%), but also 2 patients with CM (11%) and 14 patients with SNHL (70%) wave I was absent. In two IH patients (11%) the latency of wave I was inside upper latency limits of controls. Delayed wave I in IH was bilateral in 65% and unilateral in 12% of patients. Delayed wave II was observed in one IH patient. Wave II was absent in 2 IH patients and in 12 SNHL patients. In IH patients the absence of wave II was always combined with the absence of wave I. In 11 SNHL patients the absence of wave II was combined with the absence of wave I and III. In 1 SNHL patient wave II was absent in combination with wave V.
Delayed wave III was observed in 3 IH patients and one CM patient. Wave III was observed only in 7 SNHL patients. In SNHL patients the absence of wave III was combined with the absence of wave I and II in 12 patients. Delayed wave V was observed in 5 IH patients (28%), in 6 CM patients (33%), and 4 SNHL patients (20%). Wave V was absent only in one SNHL patient.
Ninety-four percent of IH patients presented with, at least, one BAEP abnormality vs. 33% of CM and 70% of SNHL patients.
The latency of wave I, III and wave V was significantly different among groups [F (2,80) = 94.3, P < 10 −5 ; F(2,85) = 17.8, P < 10 −5 ; F(3,103) = 68.2, P < 10 −5 ]. Wave I was delayed in IH compared to controls and CM (P < 10 −5 , for both comparisons). Wave III was delayed in IH (P = 0.001) and CM (P < 10 −5 ) as compared to controls. Wave V was delayed in IH, CM and SNHL as compared to controls (P < 10 −5 , for all comparisons). The interpeak latency of wave I-III and III-V was significantly different among groups [F (2,80) = 118.1, P < 10 −5 ; F(2,85) = 23.1, P < 10
−5 ]. The interpeak latency of wave I-III was lower in IH compared to controls and CM (P < 10 −5 , for both comparisons) and it was higher in CM compared to controls (P < 10 −5 ). The interpeak latency of wave III-V was higher in IH compared to controls (P < 10 −5 ) and to CM (P < 0.03) and it was higher in CM compared to controls (P < 0.004).
In IH patients the latencies of wave I and V were reduced after recovery (P < 0.00001) and returned inside normal limits ( Table 3) .
The analysis of BAEP variables shows that abnormalities observed in IH could be summarized by two patterns. One pattern (Fig. 1, top) consisted of delayed wave I with either normal or delayed latency of the subsequent components. The latency of wave I and all subsequent components normalized after recovery (Fig. 1, bottom) . Wave II could be absent in control subjects [1] . Thus, the absence of wave II is not usually ascribed to a pathological condition. A second pattern consisted of absent wave I (and/or II) and delayed wave III-V (Fig. 2, bottom) : after recovery wave I reappeared, and the latency of waves III and V was significantly reduced. The first pattern was found (bilaterally) in 77.8% of patients, the second one in 16.7%.
In all IH patients, including the two whose wave I latencies were inside upper limits, recovery was accompanied by latency reduction (Table 3) .
The second described pattern was observed also in SNHL and CM patients, accompanied by abnormalities of wave III and interpeak measurements (Fig. 2) .
We observed hearing dysfunction on BAEP in 17 patients (delayed or absent wave I) and on MRI in 16 patients (89% T2 hyperintensity of 8th nerve).
Fourteen patients had hearing loss. Among them, all presented both BAEP (delayed or absent wave I) and MRI T2 hyperintensity of 8th nerve.
ROC analysis showed the highest AUC values (93%) for the latency of wave I with 96% specificity and 93% sensitivity in IH. Fig. 3 represents ROC curves for BAEP variables.
Sensitivity, specificity, ROC and PPV/NPV for the cut-off values for each wave and for the interpeak of wave I-III and III-V are reported in Table 4 .
MRI evaluation showed that all IH patients presented with one or more typical MRI signs (see Table 5 and Fig. 4 ). More than 70% of IH patients showed signs of venous distension, pituitary gland hyperemia, pachymeningeal enhancement, tonsillar descent and auditory internal canal abnormalities; closed peduncle-pons angle, engorgement of venous sinuses and stretching of the vein of Galen were present in more than 60% of our cohort of IH patients. Finally, in 56% of cases we reported subdural effusion.
Classic MRI signs of IH were observed in 33-78% of IH patients; the 8th nerve T2 hyperintensity, with contrast enhancement in T1 sequences had the highest frequency (being present in 89% of the IH patients, Table 5 , Fig. 5) .
Descent of the brain on midsagittal images was shown in Fig. 4A-B . Axial SPAIR and axial and coronal reformatted post-contrast 3D FFE sequences passing through the IAC revealed the presence of linear hyperintense signal along the walls of the IAC (Fig. 5A-B) , indicative of the extension of the subdural effusion with narrowing of canal and compression on the seventh and eighth cranial nerve complex.
Discussion
This study points out how IH can be effectively distinguished from CM and SNHL through the contribution of neurophysiology and MRI. We supposed that hearing alterations might be detected through the combined use of BAEP recordings and MRI sequences focusing on IAC.
Hearing alterations (ranging from misperception to severe hearing loss) are clinical symptoms of IH [14, 15, 18, 39, 42] . The mechanism is thought to involve secondary perilymph depression due to patency of the cochlear aqueduct. This induces a compensatory expansion of the endolymphatic compartment with a consequent decrease of basilar or Reissner's membrane compliance [29, 38] .
Our previous study investigated whether these abnormalities of internal ear or 8th cranial nerve could be tracked by BAEP or IAC MRI [25] . MRI of IAC provided high diagnostic yields in the present and in previous studies [12, 18, 42] . Our SPAIR protocol showed signs of IAC subdural effusion in 89% IH patients, compared to a 78% best yield provided by the standard MRI assessments of IH, as reported in the previous literature [12, 18, 42] , addressing the different MRI signs for the diagnosis of IH. The high diagnostic yield obtained with SPAIR and post-contrast MRI in our patient suggests that assessment of IH can benefit from both MRI and neurophysiological evaluations of IAC and auditory pathways.
Concerning neurophysiological assessment of brainstem acoustic pathways, we found further evidence of acoustic pathways involvement in IH. Notably, we found a particular pattern of BAEP abnormality in 14 out of 18 IH patients: this pattern, (Fig. 1, top) , consisted of delayed wave I with normal latency (or less frequently delay) of the subsequent components. This pattern was not observed in CM or SNHL patients. The wide, albeit old, literature on BAEP in different diseases, has never described selective delayed wave I in disorders involving brainstem or acoustic nerve alterations [17, 28] . Absent wave I, or absent waves I, II and III are described in SNHL [27] , whereas increased interpeak latencies are described in CM [17] . Delayed wave I is only described when pure tones or low intensity clicks are applied [2] , these being in contrast to the high intensity 90 dB click used for diagnostic purposes in neurologic diseases [11] . A second pattern of BAEP abnormality, with absent wave I or delayed or small amplitude wave V, was also observed in 3 of 18 patients with IH, but was not specific, as it was also found in CM and SNHL patients (Fig. 2) , consistent with earlier literature reports [17, 20, 27] . In all IH patients, after recovery, waves I and V reappeared and the latencies were in the normal range. Our study suggests, therefore, that BAEP recordings can constitute a non-invasive and inexpensive tool to monitor IH course.
BAEP were initially thought to be generated by electrical activities arising in the cochlear and other brainstem nuclei of the acoustic pathway (8th nerve, lateral lemniscus, superior olivary nuclei) and as such they are still described in recent studies and handbooks [34] . However, refinement of electric field distribution theories later evidenced that brainstem nuclei, being closed fields, cannot generate farfield evoked potentials, such as BAEP early waves I-V, and that the model was erroneous [20] . BAEP far-field waves are rather generated by conductance changes or angular displacement of the linear quadrupole, which is the representation of the travelling afferent volley of impulses in a myelinated pathway [21, 28] . Based on this representation [21, 28] , we hypothesize that BAEP wave I delay should not be attributed to cochlear abnormalities, but to changes in conductance due to endolymphatic expansion and to changes of the 8th cranial nerve cochlear exit conformation.
Conclusions and limitations
BAEP abnormalities observed in IH patients could be summarized by two patterns. The first pattern was found in 77.8% of patients and consisted of bilateral delayed wave I with either normal or delayed latency of the subsequent components. A second pattern consisted of absent wave I and delayed wave III-V: this pattern occurred in 16.7% of IH patients and might overlap with CM and SNHL. IH patients presented typical MRI signs, but the 8th nerve T2 hyperintensity, with contrast enhancement in T1 sequences was present in 89% of the IH patients and sequences passing through the IAC revealed the presence of linear hyperintense signal along the walls of the IAC.
It would be interesting to find out the potential additive value of BAEP in cases with inconclusive MRI. Interestingly, our data support the idea that BAEP and MRI T2 hyperintensity of 8th nerve both occur before hearing loss. Among our 18 patients with IH, two patients presented positive spinal MRI, but without T2 hyperintensity of 8th nerve on brain MRI. One patient had BAEP abnormalities (delayed wave I), in absence of T2 hyperintensity of 8th nerve, whereas the other had normal BAEP. However, in our study there was only one patient in whom BAEP abnormalities preceded MRI alterations. In addition, we enrolled only patients with a diagnosis confirmed by spinal MRI and none, among our included patients, had inconclusive neuroimaging results, presenting further associated signs, i.e. subdural effusion, the venous distension sign, etc. Further studies are needed to establish the predictive value of BAEP in cases with inconclusive MRI findings.
Our results indicate that combined use of BAEP and MRI can be useful in the differential diagnosis of IH. However, the results are far from being conclusive, because of some important technical limitations.
The first limitation of this study is the use of the alternating click, which is a delivery of a rarefaction click followed by a condensation click. The alternating stimulus polarity may cause phase cancellation and distortion of wave I; thus the abnormality found on wave I might actually be due to the aforementioned suboptimal stimulation technique. In addition, in some pathological conditions associated with high-frequency hearing loss, BAEP elicited by rarefaction clicks may differ in latency from BAEP evoked by condensation clicks [9] . Thus, the delayed latencies obtained from clicks of alternating polarity cannot be ascribed to rarefaction or condensation. Nevertheless, alternating click polarity is the most commonly used polarity in the operating room, because it decreases stimulation artifact and eliminates cochlear microphonic, a receptor potential believed to be generated primarily by outer hair cells [37] . The removal of the cochlear microphonic is important, because it can bleed over wave I, especially when high intensities are used, making it unreliable. In addition, in the present study, the use of an external ear canal supplementary electrode, as well as slow stimulation rates (10 Hz), could help to preserve wave I morphology. Further studies should use rarefaction and condensation stimuli separately to confirm our results. The second limitation of this study is that we did not collect data on pattern of hearing loss in patients who did not perform a pure tone audiometry. Thus, patterns of hearing loss were not matched between IH patients and the other groups of patients. We are aware that conductive hearing loss might affect waveforms latencies. But, as hypoacusia was a symptom in IH patients, it is possible that differences in BAEP alterations could be associated with differences of patterns of hearing loss, especially in SNHL patients. Further studies should investigate BAEP alterations in patients with different patterns of hearing loss. Further prospective studies are mandatory to confirm our data on larger populations of IH patients.
